Abstract-This paper presents a multiphysics modeling of a switched reluctance motor (SRM) to simulate the acoustic radiation of the electrical machine. The proposed method uses a 2-D finite-element model of the motor to simulate its magnetic properties and a multiphysics mechatronic model of the motor and controls to simulate operating conditions. Magnetic forces on the stator are calculated using finite-element analysis and are used as the excitation on a forced response analysis that contains a finite-element model of the motor stator structure. Finally, sound power levels are calculated using the boundary element method. Simulation results of the model are shown and compared with experimental measurements for a four-phase 8/6 SRM.
comparing different frame geometry and materials is carried out in [9] , followed by prototyping and acoustic measurements.
It is well known that most of the noise generated from the SRM comes from structural vibration due to electromagnetic air-gap forces acting on the stator [10] . In [11] , these forces are calculated via electromagnetic finite-element analysis (FEA). Furthermore, a numerical modal analysis of the stator is performed via structural FEA in [12] to obtain the surface vibrations on the motor. Acoustic radiation is simulated in [13] , where a field-circuit approach is used and the sound power level is simulated using a boundary element method (BEM). Similar multiphysics system studies have been carried out for a permanent-magnet synchronous machine [14] and for a pulsewidth modulation (PWM)-fed induction machine [15] .
In this study, a multiphysics model of an SRM is developed, with the main focus on the vibroacoustic behavior prediction and experimental validation. For this purpose, an electromagnetic model of the SRM is created using a 2-D electromagnetic FEA, to obtain important flux and torque characteristics of the system [16] , as opposed to an analytical approach [17] , [18] . This model is used in a 1-D mechatronic simulation system that can include reference tracking, angle control, and loads. Then, the vibroacoustic behavior of the SRM is simulated by means of structural FEA, and sound radiation is calculated via BEM, with experimental validation being carried out in different steps of the method.
An overall diagram for the acoustic prediction methodology is represented in Fig. 1 . Each level of the diagram represents a simulation run in the methodology, and the arrows between levels indicate parameters used on the next part. Considering a four-phase motor, θ[t] is the SRM rotor position for a given simulation, I 1, 2, 3, 4 [t] are the phase currents, and F y and F x are the forces exerted on the stator poles. This paper is structured as follows. First, a brief introduction on the SRM characteristics and modeling method is given, and the 1-D mechatronic system is explained as well. Then, the vibroacoustic model of the motor stator is detailed. Finally, simulation and experimental results are compared for the 1-D system, using time and frequency data. Subsequently, a comparison between the vibroacoustic experimental and simulated systems is realized, by examining both sets' sound power level spectra.
II. SRM CHARACTERISTICS AND MODEL
Some particular features are present in the SRM-neither stator nor rotor contains permanent magnets. Instead, the stator 0278-0046/$31.00 © 2013 IEEE poles contain windings that generate a magnetic field when energized. Motion is generated by the tendency of the rotor to turn to the position of minimum reluctance in the air gap between stator and rotor poles. By energizing opposite poles in the stator consecutively, continuous rotation is achieved.
A. SRM Design for an EV
The motor investigated in this study has eight stator poles (four stator pole pairs) and six rotor poles, and thus is an 8/6 SRM, with four independent phases. Its cross section is shown in Fig. 3(a) . The motor was designed for automotive traction applications and has the following specifications [19] This motor is a prototype in design phase. A first test of the motor was carried out in a front-wheel-driven EV [20] . Some road tests were done in order to assess the vibroacoustic behavior of the motor in an EV. Fig. 2 shows acoustic measurements carried out in the wide open throttle (WOT) condition, where the vehicle was accelerated from 0 to 160 km/h. The diagonal dark lines represent the motor orders, i.e., speeddependent behavior, and the vertical dark area around 1400 Hz is a behavior most likely related to a structural resonance. It is also important to notice how the order lines are amplified when they pass through this 1400-Hz area. The overall acoustic behavior of the motor was not satisfactory, which led to this study to better understand its characteristics.
B. Electromagnetic Equations
The applied voltage on a phase of the SRM is related to the flux linkage and to the current passing through the coil, according to Faraday's law
where v is the terminal voltage, i is the current, λ is the flux linkage, R s is the phase resistance, and the index k = {1, 2, 3, 4} represents the phase number. Mutual coupling between phases is considered very small and is therefore neglected. The flux linkage of the SRM phase changes as the rotor turns [21] and as the current changes [22] . Therefore, the term dλ k /dt in (1) can be expanded
with ∂λ k /∂i k being defined as the incremental inductance L(θ, i k ), and the induced electromotive force is defined as (∂λ k /∂θ)(dθ/dt). The phase torque can be obtained by calculating the magnetic forces acting on the rotor. These forces can be distinguished in two categories-forces acting on the surface of the medium and forces that act on the volume of the medium. The latter is usually negligible with respect to the surface density forces [13] . Then, the Maxwell stress tensor can be used to define the force density (or force distribution) with its normal and tangential components [12] 
where μ 0 is the magnetic permeability of vacuum and B n and B t are the flux densities in the normal and tangential directions, with n and t representing the radial and tangential components on the considered surface. This force, in turn, is calculated by integrating the stress tensor over the desired surface. The integration of (3) over the surface is done via FEA, which is also used to obtain flux and current values. The torque contribution due to each phase is obtained from the tangential forces acting on the rotor, and the lookup tables can be populated. The total motor torque is the sum of all phase torques
At each simulation step 
where J is the rotor total moment of inertia and τ load is the load torque.
The full lookup table data of the motor are obtained by running several electromagnetic FEA simulations, where torque and flux linkage information is obtained for a discretized number of rotor angles and phase current values [23] . Magnetic hysteresis is not taken into account in this. This effect should introduce damping in the magnetic circuit [24] and was not considered in this study.
This SRM model is, in turn, used in a 1-D mechatronic simulation environment, where the SRM system can be complemented by power electronics, angle activation, controls, loads, etc. The complete system is able to provide detailed data on phase currents in function of the rotor position, which, in turn, can be used to evaluate firing angle strategies [25] or control techniques [26] . Inputs to the model are the voltages applied in each individual phase and the rotational velocity of the load. Fig. 3 shows the system with causality.
The full 1-D system schematic is shown in Fig. 4 . It includes the SRM plus load, asymmetric half-bridge power electronics, angle conversion for the activation of individual phases, and hysteresis current control [27] . It should be noted that the SRM model has an additional input that can be used for temperaturedependent simulations, which is not considered in this work.
Coupling between the magnetic and the electrical system in this case is considered to be weak and bidirectional [14] . That is, there is exchange of information between the magnetic and the electrical systems, but the magnetic FEA is not rerun, and only the lookup tables are used. Fig. 1 also shows the coupling type and directions for the other considered systems.
III. VIBROACOUSTIC ANALYSIS
Vibration and noise from the SRM comes mainly from the stator deformation, induced by the constantly varying magnetic field activating individual phases. The deformation on the outer surface of the motor causes the air around it to move, generating pressure differences, which are perceived as noise for the human ear. There are three domains to be considered in this analysis-magnetic, vibrational (structural), and acoustic.
The couplings considered in this simulation part are between the magnetic and vibrational systems and between the vibrational and acoustic systems. Both of these couplings are approximated to be weak and unidirectional. That is, the magnetic field generates a change in the structural system, but this change is not significant to affect the magnetic field itself (by deforming the magnetic core). The same is true for the structural and acoustic coupling-the air that is moved around the stator does not affect the vibration of the stator itself. Refer to Fig. 1 for the respective system couplings.
Forces acting on the surface of the stator poles are calculated by means of the Maxwell stress tensor, as described in (3), and they are the excitation in the structural model. The equation of motion of a multiple-degree-of-freedom structural system can be represented as
where M , C, and K are the global mass, damping, and stiffness matrices, x(t) is the displacement at a given degree of freedom in the structure, and F (t) is the excitation force. The structural damping of the motor stator is usually quite low and therefore is usually neglected [13] . The solution of (6) with C = 0 can obtained via the eigenvalue problem
The resulting eigenmodes are orthogonal functions, so the system response can be represented by a linear combination of these modes, which leads to the essential modal analysis equation [28] 
The vibration modes of the stator can be obtained by different methods, such as analytical approximations [8] , by using experimental modal analysis [10] or using 3-D FEA of the stator [9] . The latter method is used in this work. A model of the motor stator that uses an approximate stator pole geometry, does not take into account the lamination of the stack, and neglects the coil mass was used for this purpose.
To predict the acoustic radiation efficiency of the motor, the indirect BEM [29] , [30] was used. This method finds the solution to the second-order Helmholtz equation
where p is the acoustic pressure at a point (x, y, z) due to a time-harmonic source distribution q at frequency ω, with the wavenumber k = ω/c, c being the speed of sound, and ρ 0 being the fluid density [31] . The method considers a discretized closed boundary surface and uses the surface's normal velocities as boundary conditions. Additionally, for exterior acoustic problems, an additional boundary condition is used, viz., the Sommerfeld radiation condition. This boundary surface is located at infinity, and it ensures that all waves propagate freely without any reflections at the boundary. Equation (9) is solved numerically only for the boundary of the acoustic domain and for a discrete number of frequencies. This method is computationally more advantageous when compared with the finite-element method for exterior acoustics problems, because there is no need to model the air volume around the stator, so only a surface around the SRM stator is discretized. The stator surface accelerations are estimated by the forced response of the 3-D stator structural model, the radiating body is considered in a free-space condition, and reflections from the ground are not considered. This approximation is used since the sound source (SRM) is located close to the ground and the measurements are carried out in free-field distance, while reflections will affect more the measurements at reverberant field distances (farther away). Moreover, for a rigid ground, the directivity of the sound field is most affected, but not so much the sound power [32] .
IV. EXPERIMENTAL RESULTS AND SIMULATION
To validate the simulation models, experimental tests are performed on a test bench [see Fig. 5(a) ] containing the 8/6 SRM with a dc machine as variable load. The SRM is controlled using hysteresis current control, and each of the four phases is activated using asymmetric half-bridge converters. Two different running conditions and a run-up are carried out. The main running conditions are detailed in Table I . Due to the commuting nature of hysteresis current control, there is no fixed switching frequency for the power electronics-the frequency is dependent on the rotational speed, and its effect will be present in the current harmonics.
Runs 1 and 2 were used to compare simulated and measured data, while the run-up is mainly used to obtain and confirm critical operational characteristics, such as the harmonics and the stator resonance frequency. The run-up acceleration was controlled by reducing the load while keeping the reference current and activation angles constant.
Vibration and sound pressure data were acquired in the test setup by means of accelerometers measuring accelerations normal to the surface, covering the whole motor casing. A total of 72 measurement points were chosen for the acquisition, and the points are shown in Fig. 5(b) . Five microphones placed around the test setup were used to measure acoustic pressure levels. Their locations were chosen in a way to measure possible secondary sources of noise, such as the radiator fan from the cooling circuit, power electronics, and the load motor. Additionally, phase current, torque, and angular velocity data were also acquired directly from the digital control system. To evaluate the precision of the 1-D simulation model, the same experimental conditions were applied to a simulation run, and the results were compared. Figs. 6 and 7 compare the simulation model with the experimental results, for both 2044 and 3950 r/min. Since the magnetic forces acting on the stator are directly related to the phase currents, accuracy in predicting current waveforms is essential. Furthermore, the frequency spectrum of the phase currents needs to be evaluated, as it should contain all the harmonic components present in the real system. The expected harmonic components in the phase current are related to the number of rotor poles. In an 8/6 SRM, phases are activated six times per revolution [8] , leading to sixth-order harmonics and their multiples. For a given angular velocity, the harmonic frequencies can be calculated with
whereθ r/min is the angular velocity in revolutions per minute (r/min), n rp is the number of rotor poles, and n h are the harmonic multiples. Figs. 8 and 9 show the frequency spectrum of the simulated and measured phase currents, where the harmonics are clearly visible. The surface acceleration obtained experimentally can be a good indicator of the operational characteristics of the motor and can also help understand the acoustic behavior of the system. The spectra of the surface vibration from both experiment and simulation are shown in Fig. 10 for run 1 (at 2044 r/min), and in Fig. 11 , the same curves are shown for the motor in run 2 (at 3950 r/min). From the graphs, some important information can already be retrieved. At lower frequencies (below 500 Hz), there is a substantial amount of vibration at harmonics related to the rotating speed-these are caused by the misalignment between the SRM and the load and, as such, will not be addressed in this study. The dominating vibration peaks are multiples of the sixth harmonics, due to the number of rotor poles. These peaks are notably more dominant on oddnumbered multiples of that harmonic because of the coupling factors between nonadjacent phases [8] .
Additionally, the first resonance of the stator can be identified at around 1400 Hz. When this resonance is excited by one of the odd-numbered harmonics, there is great amplification in the vibration of the stator (see Figs. 10 and 11 ). This resonance is put more into evidence with the motor run-up. A color map of the vibration in function of the motor speed and frequency is shown in Fig. 12 where the resonance frequency is clear and the harmonic components can also be seen.
The first natural frequency of the stator, computed by FEA, matches the frequency obtained operationally. Fig. 13 shows the structural model of the SRM stator and its first mode shape at 1401 Hz. Having obtained the current waveforms and the structural model, the next step is to calculate the magnetic forces acting on the stator. These forces are calculated via the Maxwell stress tensor with the 2-D electromagnetic finite-element model of the SRM. A full rotation is performed, and at each step, the appropriate current is applied to the four phases, based on the current waveforms; subsequently, the surface forces acting on the stator are obtained.
The calculated force exerted on each stator pole is divided into 14 equidistant points along the stator pole surface and is converted to the frequency domain via discrete Fourier transform, taking care to keep the phase information. The frequency range of interest is up to 3 kHz since the most dominant vibration mode is located around 1.4 kHz and the harmonics have a more predominant amplitude around that range.
A modal forced response is calculated based on the simulated forces and structural stator model, and the resulting surface accelerations are used as boundary condition for the BEM simulation. Subsequently, the boundary element simulation is performed. The radiated sound power levels were calculated and can be compared with the measured sound power levels. Figs. 14 and 15 show the comparison between measurements and computational results. The peaks due to the harmonic excitations, which constitute the most relevant part of the noise, are clearly matched, particularly for the case at 2044 r/min. In both cases, there is an overestimation of the power in between harmonic peaks. This difference is attributed to the fact that the casing, which includes the cooling jacket, was not modeled.
V. SUMMARY, CONCLUSION, AND FUTURE WORK
This paper presented a multiphysics analysis to predict the acoustic radiation properties of an SRM. The SRM model is created by means of lookup tables that contain magnetic characteristics of the motor, obtained by means of 2-D magnetic FEA. A 1-D multidomain system is used to simulate the motor under the required conditions, and phase current and rotor position can be extracted from it.
The vibroacoustic problem is solved by means of FEA and BEM, using as excitation the forces obtained through stress tensor integrals.
Simulation results were compared with experimental data gathered from the test setup of an 8/6 SRM. Phase currents from the SRM model are in agreement with those obtained experimentally, and the simulated sound power levels were compatible with those obtained experimentally, particularly regarding the harmonic components, which contain the most dominant levels of noise [20] . Discrepancies in those results are attributed mainly to the fact that the casing was not modeled as part of the structural system.
The multiphysics approach proposed in the analysis consists of a chain of simulations, coupled bidirectionally and unidirectionally. Each step in the simulation process allows for system inputs or modifications, such as geometry, material changes, or control strategies, and thus, it can be used as a powerful tool, to predict the acoustic behavior of the motor in an early design stage, being particularly useful in applications where noise emission is relevant, such as the automotive industry.
Currently, the described procedure is still computationally costly, taking a reasonable amount of time, especially when computing the force density on the stator poles. Future works aim at making this process faster and more automatized, by using lookup tables that contain magnetic force data for the full range of operations. Furthermore, structural models of the casing and cooling jacket with fluid shall also be added to the vibroacoustic system.
